Introduction. In cardiovascular collapse from diltiazem poisoning, extracorporeal membrane oxygenation (ECMO) may offer circulatory support sufficient to preserve endogenous hepatic drug clearance. Little is known about patient outcomes and diltiazem toxicokinetics in this setting. Case Report. A 36-year-old woman with a history of myocardial bridging syndrome presented with chest pain for which she self-medicated with 2.4 g of sustained release diltiazem over the course of 8 hours. Hemodynamics and mentation were satisfactory on presentation, but precipitously deteriorated after ICU transfer. She was given fluids, calcium, vasopressors, glucagon, high-dose insulin, and lipid emulsion. Due to circulatory collapse and multiorgan failure including ischemic hepatopathy, she underwent transvenous pacing and emergent initiation of venoarterial ECMO. The peak diltiazem level was 13150 ng/mL (normal 100-200 ng/mL) and it remained elevated at 6340 ng/mL at hour 90. Unfortunately, the patient developed multiple complications which resulted in her death on ICU day 9. Conclusion. This case describes the unsuccessful use of ECMO for diltiazem intoxication. Although past reports suggest that support with ECMO may facilitate endogenous diltiazem clearance, it may be dependent on preserved hepatic function at the time of cannulation, a factor not present in this case.
Introduction
The American Association of Poison Control Centers reported more than 100,000 cardiovascular medication poisonings in 2011, of which calcium channel blocker (CCB) overdoses were involved in approximately 60% of the fatal events [1] . In both mono-and mixed-exposures of CCBs, diltiazem, a lipophilic, protein-bound, hepatically cleared, nondihydropyridine CCB, carried a significant risk of fatality [2] .
Supportive care remains the cornerstone of diltiazem overdose management. Targeted therapies include calcium, high-dose insulin euglycemia, glucagon, lipid emulsion, and cardiac pacing [3] . Enhanced elimination by hemodialysis, hemoperfusion, albumin dialysis, and plasma exchange variably impacts clinical outcomes [3] [4] [5] [6] . Because of the inconsistent results of extracorporeal drug removal, there is instead an interest in preservation of endogenous drug clearance mechanisms (i.e., hepatic metabolism) through extracorporeal membrane oxygenation (ECMO-) mediated circulatory support. Little is known about the impact of ECMO on patient outcomes and diltiazem toxicokinetics in this setting.
Herein, we present an unsuccessful case of ECMO use for diltiazem overdose and review the existing literature on circulatory support for nondihydropyridine CCB poisonings.
Case Report
A 36-year-old, 68 kg, woman with a history of myocardial bridging syndrome and an unroofing procedure two years prior to admission presented with a two-day history of chest pain for which she self-medicated with 2.4 grams of sustained release (SR) diltiazem over the course of 8 hours. Neither subjective nor objective evidence suggested coingestion. On arrival to the ED, she was mentating appropriately, with a blood pressure (BP) of 102/56 mm Hg and a pulse of 77 beats per minute (bpm) in sinus rhythm (Table 1) . She became hypotensive (BP 88/40 mm Hg) and was administered intravenous (IV) fluids, 5 mg IV glucagon and 3 g of IV calcium gluconate. Hypotension persisted; therefore, a norepinephrine infusion was started. Highdose insulin (1 unit/kg/hr insulin) and a 1.5 mL/kg bolus of lipid emulsion (20% Intralipid) were subsequently given and continued in the ICU (insulin titrated to 10 units/kg/hr within 5 hours of ICU admission; Intralipid infused at 0.5 mL/kg/hr) [7] . At admission to the ICU, she was alert and oriented although increasingly dyspneic. Activated charcoal and gastric lavage were not used given the elapsed time between ingestion and presentation, the patient's nausea and concerns about the risk of aspiration, and her suspected ileus with high vasopressor requirements. Despite escalating norepinephrine doses to 2 mcg/kg/min, with the addition of 1 mcg/kg/min epinephrine, vasopressin at 0. (Figure 1 ; therapeutic range 100-200 ng/mL; diltiazem concentrations determined with High Performance Liquid Chromatography with Ultraviolet Detection; MEDTOX Scientific, Inc., St. Paul, MN). Desacetyldiltiazem concentrations were not available. Seventy-one hours after ingestion, the diltiazem level decreased to 2020 ng/mL. To confirm downtrend, a diltiazem level 4 days after ingestion was obtained and found to have paradoxically increased to 6340 ng/mL.
Although she received full circulatory support with central V-A ECMO and high-dose vasopressors, she had an extremely low systemic vascular resistance and her course was complicated by global hypoperfusion including organ, limb, and tissue ischemia. She developed multifocal compartment syndrome, thrombocytopenia, uncontrolled gastrointestinal bleeding, and fulminant multiorgan failure leading to a transition to comfort care and death on ICU day 9.
Discussion
This report describes the course of a patient who experienced diltiazem SR poisoning and did not survive despite maximal medical therapy, transvenous pacing, CVVH, and venoarterial ECMO. She developed profoundly elevated diltiazem serum concentrations and an inconsistent drug decay curve after this overdose. The peak concentration noted was approximately 100-fold greater than the therapeutic range (100-200 ng/mL) and is at the upper limit of what has previously been reported [4] [5] [6] [8] [9] [10] [11] . No consistent diltiazem elimination rate occurred and levels remained significantly elevated to hour 90 of admission. We hypothesize that the unusually prolonged drug exposure and timing of ECMO initiation relative to the development of hepatic dysfunction may have been critical factors in the patient's outcome.
Although the evidence is limited, circulatory support with ECMO for nondihydropyridine CCB poisonings could theoretically preserve end-organ function and facilitate endogenous hepatic clearance of the drug. Indeed, in 62 critically ill poisoned patients, 12 of whom ingested verapamil or diltiazem, individuals who underwent extracorporeal life support had a significantly better survival than those who did not (86% versus 48%, respectively; = 0.02) [12] . Three published reports describe the use of ECMO for sustained release nondihydropyridine CCB poisoning in pediatric/neonatal patients. In two patients, CCB poisoning was associated with verapamil in combination with the nonselective beta-blocker propranolol. ECMO cannulation occurred at 4 and 10 hours after intoxication and both patients survived to hospital discharge [13, 14] . The third pediatric case reported is of a 16-year-old female with an acute intentional ingestion of 12 grams of sustained release diltiazem. She received gastric lavage, activated charcoal, and pacing. ECMO began 17 hours after the ingestion and at hour 22 she had evidence of mild hepatic dysfunction with peak AST and ALT of 320 and 197, respectively. After 48 hours of circulatory support, ECMO was terminated due to uncontrolled mediastinal hemorrhage, but the patient was able to survive to discharge [10] . Extracorporeal circulatory support has also infrequently been described in the setting of adult nondihydropyridine CCB intoxications [15] [16] [17] [18] . A 41-yearold adult male intentionally ingested multiple medications including verapamil and was successfully managed with 5 hours of percutaneous cardiopulmonary bypass introduced 8 hours after the toxic ingestion [17] . Another case of a polyingestion which included 7.2 g of slow-release verapamil was initiated on ECMO in the emergency department and successfully managed with 6 days of support [15] . Lastly, over ten years at a single center, 17 patients with drug poisoning and shock were placed on extracorporeal life support. Four of these individuals ingested verapamil and received circulatory support within 5 hours of the ingestion. Ten (58%) patients in the overall group developed cannulation-related injuries of the femoral vessels and 13 (76%) patients survived. Two (50%) of the 4 patients with verapamil ingestions survived [16] .
Whereas several previous reports have signaled a possible benefit on outcomes with ECMO use for nondihydropyridine CCB poisonings, the patient in this case died despite maximal medical therapy, CVVH to control refractory acidosis and hyperkalemia, and circulatory support with ECMO. Multiple factors may have contributed to this negative clinical outcome. Her course was complicated by delayed mesenteric ischemia which, in the setting of poisonings, has been shown to affect younger patients with fewer risk factors [19] . The diltiazem concentrations seen in this patient were markedly elevated and erratic which suggests that the patient was exposed to sustained toxic levels for a longer period of time than in previous reports. Prior kinetic analyses of SR diltiazem overdoses have demonstrated an elimination halflife of 13-48 hours [5, 10, 11] . Zero order kinetics appear to predominate at concentrations >650 ng/mL with a return to first order elimination below this threshold [6] . Durward and colleagues characterized serial diltiazem levels after overdose in a female patient who received 48 hours of ECMO. The admission diltiazem concentration was approximately 6000 ng/mL. Two rounds of charcoal hemoperfusion were attempted which resulted in temporary reductions in serum diltiazem concentrations with near complete rebound in the 8 hours after each run. By hour 120 after ingestion, her diltiazem concentration was <1000 ng/mL and she survived to be discharged from the hospital. In our case, stability of diltiazem elimination was not achieved and the serum concentration spontaneously rebounded from 2020 ng/mL at hour 71 after ingestion to 6340 ng/mL at hour 90.
The atypical concentration pattern and prolonged exposure we found may have been affected by a number of factors. Diltiazem could have accumulated in the gastrointestinal tract because the patient did not receive gastric decontamination or because of the development of decreased mesenteric perfusion or an ileus. The bowel intervention for mesenteric ischemia may have contributed to the 90-hour rebound in serum concentrations (Table 1) . We also cannot exclude the possibility that the 2020 ng/mL serum concentration drawn at 71 hours after ingestion was spurious. The timing of lipid exposure makes it unlikely that an altered volume of distribution associated with this therapy impacted drug levels, but alterations in protein binding may have resulted in heightened serum concentrations of free drug. CVVH has not been shown to significantly contribute to diltiazem elimination and thus it is unlikely that this concurrent intervention altered the serum levels [20] .
In addition to the potential for altered drug absorption and distribution, we also hypothesize that the patient may have experienced altered diltiazem metabolism. It is of particular importance to preserve hepatic perfusion in the case of diltiazem poisonings because the drug undergoes extensive hepatic metabolism via deacetylation and only 1-3% of drug is eliminated unchanged in the urine [20] . Previous reports have either not described liver function at the time of ECMO initiation or demonstrated only mild increases in transaminases. In this case, ECMO began 17 hours from admission (25 hours from ingestion), but there was already significant AST and INR elevation in the absence of therapeutic anticoagulation, suggesting acute ischemic hepatopathy. Mechanical circulatory support to preserve hemodynamics and consequently endogenous drug clearance may have been insufficient to overcome this preexisting organ dysfunction. It is possible that introduction of ECMO prior to the onset of hepatic dysfunction may have resulted in improved perfusion and consequent drug clearance.
This case report of a SR diltiazem overdose describes drug toxicokinetics and the role for ECMO as a therapeutic intervention. We documented prolonged exposure to toxic diltiazem levels and an inconsistent drug decay curve, likely attributable to altered absorption, distribution, and metabolism. Although ECMO may theoretically facilitate endogenous diltiazem clearance, the timing of initiation may be a key determinant in its success. This patient exhibited signs of hepatic failure before ECMO initiation. This may have decreased the likelihood that enhanced circulatory support could facilitate sufficient endogenous drug clearance to offset the risks of the intervention. Future study is indicated to determine if early ECMO initiation in SR diltiazem overdoses improves patient outcomes.
